Previous studies using in vivo candidiasis models have demonstrated that the concentration-associated pharmacodynamic indices, the maximum concentration of a drug in serum/MIC and 24-h area under the curve (AUC)/MIC, are associated with echinocandin treatment efficacy. The current investigations used a neutropenic murine model of disseminated Candida albicans and C. glabrata infection to identify the 24-h AUC/MIC index target associated with a stasis and killing endpoint for the echinocandin, micafungin. The kinetics after intraperitoneal micafungin dosing were determined in neutropenic infected mice. Peak levels and AUC values were linear over the 16-fold dose range studied. The serum drug elimination half-life ranged from 7.5 to 16 h. Treatment studies were conducted with 4 C. albicans and 10 C. glabrata isolates with micafungin MICs varying from 0.008 to 0.25 g/ml to determine whether similar 24-h AUC/MIC ratios were associated with efficacy. The free drug AUC/MICs associated with stasis and killing (1-log) endpoints were near 10 and 20, respectively. The micafungin exposures associated with efficacy were similar for the two Candida species. Furthermore, the free drug micafungin exposures required to produce stasis and killing endpoints were similar to those recently reported for another echinocandin, anidulafungin, against the identical Candida isolates in this model. Antifungal pharmacodynamic studies have been helpful to optimize dosing regimen design and provide a rationale for the development of susceptibility breakpoints for several antifungal drugs including the triazoles, amphotericin B, and flucytosine. Recent studies have begun to apply these pharmacodynamic principles to understand the exposure and response relationship for drugs from the echinocandin class (10, 15, 46, 50) . These compounds exhibit broad-spectrum activity against Candida and Aspergillus species, including emerging Candida species such as C. glabrata (13, 20, 41, 42) . Previous investigations with other echinocandins, including micafungin (D. Andes, unpublished observations) have demonstrated that the concentration-associated pharmacodynamic indices, the maximum concentration of a drug in serum (C max )/MIC and the area under the curve (AUC)/MIC, drive treatment efficacy for this drug class in candidiasis models (2, 9, 21, 26). The present study was performed to determine whether the magnitude of the pharmacokinetic/pharmacodynamic index required for efficacy is similar for C. albicans and C. glabrata strains, including several previously characterized caspofungin-resistant organisms. These study observations were also compared to recently published data with the echinocandin anidulafungin in this model with the same strains (9). The results from these studies provide a pharmacodynamic rationale in support of the current clinical dosing regimens. Furthermore, the data provide information useful regarding the susceptibility breakpoints for this new compound.
transmittance at 530 nm. Fungal counts of the inoculum determined by viable counts on SDA were 6.1 Ϯ 0.51 log 10 CFU/ml.
Disseminated infection with the Candida organisms was achieved by injection of 0.1 ml of inoculum via lateral tail vein 2 h prior to start of drug therapy. At the end of the study period, animals were sacrificed by CO 2 asphyxiation. After sacrifice, the kidneys of each mouse were immediately removed and placed in sterile 0.9% saline at 4°C. The homogenate was then serially diluted 1:10, and aliquots were plated on SDA for viable fungal colony counts after incubation for 24 h at 35°C. The lower limit of detection was 100 CFU/ml. The results were expressed as the mean CFU/kidneys for three mice.
Pharmacokinetic analyses. The single-dose pharmacokinetics of micafungin were determined in infected neutropenic ICR/Swiss mice after intraperitoneal administration of 80, 20, and 5 mg/kg administered in 0.2-ml volumes. Blood from groups of three isofluorane-anesthetized mice (nine mice for each dose level) was collected at each of eight time points (1, 2, 4, 6, 8, 12, 24 , and 48 h). Serum was collected by centrifugation, and samples were stored at Ϫ80°C until drug assay. Samples were analyzed by microbiologic assay using C. albicans K1 as the assay organism (30) . The lower limit of detection of the assay was 0.12 g/ml. The mean intraday variation was Ͻ7%.
A noncompartmental model was used in the kinetic analysis (3) . Pharmacokinetic parameters, including elimination half-life and concentration at time zero (C 0 ) were calculated via nonlinear least-squares techniques. The AUC was calculated by the trapezoidal rule. For treatment doses in which no kinetics were determined, pharmacokinetic indices were estimated by linear extrapolation from the highest and lowest dose levels used in the kinetic studies described above. Protein binding was considered based upon previous reports of binding of micafungin in rodents and humans (99.75%) (25, 51) .
Pharmacodynamic index magnitude determinations. Fourteen Candida strains, including of four C. albicans (K1, 98-17, 580, and 98-210) and ten C. glabrata (5376, 570, 513, 5592, 33609, 32930, 33616, 34341, 35315, and 37661) isolates, were used for in vivo experiments. Infection in neutropenic mice was produced with each strain as described above. Micafungin dosing studies were designed to vary the magnitude of the pharmacodynamic indices and to produce treatment effects that included no effect to maximal effect (based on results from pilot treatment studies not presented). Six total dose levels varied from 0.078 to 80 mg/kg/24 h. Doses were administered every 24 h for the 4-day study period. Groups of three mice were used for each dosing regimen. At the end of the study, mice were euthanized, and the kidneys were immediately processed for CFU determinations.
Data analysis. A sigmoid dose-effect model was used to model the in vivo potency of micafungin. The model is derived from the Hill equation:
, where E is the observed effect (change in log 10 CFU/kidney compared to untreated controls at the end of the treatment period), D is the total dose of micafungin over the entire treatment period, E max is the maximum effect of micafungin compared to untreated controls, ED 50 is the dose required to achieve 50% of the E max , and N is the slope of the dose-effect relationship. The indices E max , ED 50 , and N were calculated by using nonlinear least-squares regression. The correlation between efficacy and the 24-h AUC/MIC for the group of Candida isolates was determined by nonlinear least-squares regression analysis (Sigma Stat; Jandell Scientific Software, San Rafael, CA). The coefficient of determination (R 2 ) was used to estimate the variance that could be due to regression with each the pharmacodynamic index. Calculations were performed using both total-and free-drug concentrations.
To allow a comparison of the potency of micafungin against the study organisms, we calculated the 24-h static dose and the doses required to achieve a 1-log reduction in colony counts using the above model. The magnitude of the pharmacokinetic/pharmacodynamic index associated with each endpoint dose was calculated from the following equation: log 10 D ϭ log 10 [E/E max Ϫ E]/N ϩ log ED 50 , where E is the amount of control growth over the treatment period in untreated animals for the static dose calculation, E is the control growth as described above ϩ1 log for the calculation of the dose (D) associated with a 1-log kill, and N is the slope of the dose-response curve.
RESULTS
In vitro susceptibility testing. The study organisms and the MICs against micafungin are listed in Table 1 . The 24-h MICs for the 14 Candida organisms studied varied by Ͼ30-fold (range, 0.008 to 0.25 g/ml). The MICs using the partial (50%) endpoint (M1) were either the same or twofold lower than those using a complete inhibition endpoint (M2).
Pharmacokinetics. The serum time course of micafungin in infected neutropenic mice after intraperitoneal doses of 80, 20, and 5 mg/kg is shown in Fig. 1 . Peak serum drug levels and the AUC increased in a linear fashion with dose escalation. Peak levels were achieved within the 2 h for each of the doses and ranged from 7.0 Ϯ 0.80 to 53 Ϯ 0.62 g/ml. The serum elimination half-life ranged from 7.5 to 16 h. The AUC 0-ϱ , as determined by the trapezoidal rule, ranged from 138 to 1,400 mg ⅐ h/liter with the lowest and highest doses, respectively. Free-drug calculations were based on previously determined protein binding in mice and humans using equilibrium dialysis (99.75% bound) (24) .
Magnitude of the pharmacodynamic index associated with efficacy. Both C max /MIC and AUC/MIC have been shown to be important predictors of the in vivo efficacy of the echinocandins. For comparison of the index magnitude among strains with various MICs, we utilized the 24-h AUC/MIC index. To a Strain prefixes: CA, C. albicans; CG, C. glabrata. The static dose is the dose required to produce an organism burden in kidneys the same as that at the start of therapy. The 1-log kill is the dose required to produce an organism burden in kidneys the 1 log 10 lower than that at the start of therapy. NA, not available.
determine whether the index magnitude was similar among Candida strains, we studied the activities of the 24-h dosing regimen of micafungin against four strains of C. albicans and ten strains of C. glabrata. The dose-response curves for micafungin against these various strains are shown in Fig. 2 . At the start of therapy, the mice infected with C. albicans had 4.06 Ϯ 0.23 log 10 CFU/kidney of Candida (range, 3.57 to 4.28 log 10 CFU/kidneys). Each of the four C. albicans isolates grew similarly in the kidneys of untreated animals. However, the growth of the C. glabrata strains was less than the other Candida strains studied. This difference is similar to that recently reported for these organisms in this model (9) . The range of organism growth in control animals over the treatment period was 3.91 Ϯ 0.56 log 10 CFU/kidney for C. albicans to 1.95 Ϯ 0.79 log 10 CFU/kidney for C. glabrata. The C. glabrata isolates demonstrated relatively equivalent growth compared among the group of ten isolates. In general, the shapes of the dose-response curves were similar for all strains. The location of the dose-response curve was related to the MIC of the organism. The static dose, the doses associated with a 1-log killing, and the associated total and free-drug 24-h AUC/MIC are shown in Table 1 . The extent of organism killing varied among the strains and was related to the micafungin exposure-MIC relationship. The majority of strains exhibited an extensive drop in the numbers of CFU/kidneys after micafungin therapy over the 4-day study compared to the numbers of CFU for the untreated controls (mean Ϯ the standard deviation reduction in organism burden, 4.92 Ϯ 1.3 log 10 CFU/kidneys). For the micafungin regimens with 24-h dosing, the free-drug 24-h AUC/ MICs associated with a static effect against the 14 Candida strains was 7.5 Ϯ 6.2 using free-drug concentrations and the partial inhibition MIC endpoint (M1). The differences in the AUC/MIC associated with this endpoint were not statistically different among the organisms (P ϭ 0.44). The relationship between the micafungin total-and free-drug AUC/MIC ratios and efficacy with the 14 strains are displayed in Fig. 3 for C. Table 1 . The mean micafungin drug exposures relative to the MIC necessary to produce a 1-log reduction in yeast burden were only twofold greater than that associated with fungal stasis in this model.
DISCUSSION
The study of antimicrobial pharmacodynamics explores the relationships among drug exposure, in vitro susceptibility, and treatment outcome (1, 3, 14, 16 ). These investigations have been useful for optimizing treatment regimens, defining clinical resistance, and guiding the development of susceptibility breakpoints (1, 3, 7, 8, 14, 16, 43, 45) . The majority of these studies are undertaken using either in vitro or animal infection models, and the results are used to predict outcome in humans. The ability to translate anti-infective pharmacodynamic results from experimental models to humans is because the antimicrobial drug target resides in the pathogen. Thus, the exposure relative to the organism is independent of the host model system. For example, studies have demonstrated that an organism responds similarly if the AUC/MIC exposure is accomplished in a mouse or in a human.
Studies have begun to explore these pharmacodynamic relationships for drugs from the most recently U.S. Food and Drug Administration-approved antifungal drug class, the echinocandins sure has also been demonstrated in a trial of esophageal candidiasis (10) . In this trial, the two micafungin dosing regimens were examined and included a regimen of 150 mg daily in comparison to a regimen of 300 mg every other day. The total drug exposure or AUC would be similar for the two regimens. Of note, the clinical and microbiologic efficacy was similar for both regimens, a finding consistent with results from the preclinical models and demonstrating the importance of the AUC/ MIC index. It will be interesting to see whether additional lengthening of the dosing interval can be explored in clinical trials. In animal model studies, the dosing interval of echinocandins has been successfully lengthened to every 7 days while maintaining efficacy (2, 21) . The definition of an optimal dosing strategy leads logically to the next pharmacodynamic question: what is the optimal pharmacodynamic target or, for echinocandins, the C max /MIC or AUC/MIC exposure needed for efficacy? In other words, what drug dose is needed for a favorable treatment outcome? Drugs from the echinocandin class, including caspofungin, micafungin, and anidulafungin, exert potent activity against many fungal pathogens, including Candida species (20, 41, 42) . Reproducible susceptibility testing methods have been adopted for these compounds. Recent suggestions have been made by the CLSI to define in vitro susceptibility breakpoints for the available echinocandins. The rationale for these decisions is similar to that used for the other available antifungal compounds and includes MIC distribution, clinical outcome relative to MIC, and pharmacodynamic analyses from experimental and clinical data sets. Unfortunately, there has been limited investigation of optimal pharmacodynamic target with the echinocandins.
The potency and MIC distribution of this class is similar (narrow range) against C. albicans and C. glabrata. The most common clinical Candida species for which echinocandin in vitro potency is reduced is Candida parapsilosis. Most C. parapsilosis isolates are roughly 50-to 100-fold less susceptible to echinocandins than are other common Candida species. Clinical trials have demonstrated the effectiveness of these compounds for management of both mucosal and systemic candidiasis against all Candida species (10, 11, 29, 32, 33, 38, 44, 46) . In these large trials, the majority of organisms exhibited very low MICs, and there has been no discernible relationship between in vitro susceptibility and treatment efficacy. The only isolates with elevated MICs are the few C. parapsilosis infections, and patients infected with these isolates fared well in these trials. However, case reports describing treatment failure and elevated MICs for C. albicans and C. glabrata have begun to accumulate (23, 25, 28, 31, 33) . The goal of the present study was to begin to determine the amount of drug relative to the MIC or the magnitude of the predictive pharmacodynamic index required for the treatment efficacy of micafungin. In addition, we wanted to determine whether the pharmacodynamic target was similar among Candida species (C. albicans and C. glabrata) and echinocandin drugs (micafungin and anidulafungin). In designing these experiments we attempted to utilize strains with various in vitro susceptibilities to micafungin. The less-susceptible strains used in these studies have been previously clinically characterized and studied in this model with another echinocandin, anidulafungin (9, 28) . Similar to previous reports, response to the echinocandin therapy in the present studies was related to the organism MIC with both endpoints (9, 13) .
In the present study we considered the 24-h AUC/MIC index in pharmacodynamic calculations. In addition, because previous pharmacodynamic studies with other antimicrobials have demonstrated the importance of considering protein binding, we accounted for both the total (protein bound) and free (unbound) drug concentrations in these analyses (7, 9, 36, 49) . Furthermore, since it not known which echinocandin treatment endpoint in this in vivo model will correlate with the outcome in patients we considered both an inhibitory endpoint (static dose) and a killing endpoint (1-log reduction). In studies with all 14 organisms we observed an inhibitory effect relative to the organism burden at the start of therapy. We also observed a 1-log reduction in vivo with all but one of the isolates. The amount of drug required for these treatment endpoints appeared related to the organism MIC. These data suggest a strong relationship between exposure and effect and further demonstrate the relevance of the MIC.
Recent pharmacodynamic studies with the echinocandin anidulafungin in this model with the same organisms demonstrated a similar pharmacodynamic relationship (9). The 24-h free-drug AUC/MIC values associated with a static effect and 1-log reduction were 18 Ϯ 15 and 39 Ϯ 45, respectively. However, if one only considers total drug concentrations, it would appear that the micafungin exposure needed for efficacy (AUC/MIC) was more than 1,000 AUC/MIC units greater than that for anidulafungin. However, with free-drug considerations, the values are similar (based on statistical comparison using the Mann-Whitney rank sum test [P ϭ 0.53]) since the degree of protein binding is greater for micafungin than for anidulafungin. In fact, the entire dose-response relationship for these two echinocandins against this set of C. albicans and C. glabrata isolates is also very similar (Fig. 5) .
Human pharmacokinetics with micafungin demonstrate a long half-life and protein binding values essentially the same as those observed in mice (22, 24, 27, 34) . In healthy volunteers, a dose of 100 mg/day produces a steady-state AUC of 126 mg ⅐ h/liter (free-drug value of 0.32 mg ⅐ h/liter). Recent population pharmacokinetic studies reported a similar exposure that was dependent upon the weight of the patient (range, 83 to 121 mg ⅐ h/liter) (22) . A global survey of more than 2,500 target Candida isolates observed MICs varying from 0.007 to 2.0 g/ml. The MIC 50 and MIC 90 in the present study were 0.015 and 0.03 g/ml for C. albicans and 0.015 and 0.015 g/ml for C. glabrata, respectively. If one considers the inhibitory pharmacodynamic targets identified in the current in vivo model, the 100-mg/day micafungin dosing regimen would exceed the free-drug 24-h AUC/MICs for both C. albicans and C. glabrata for more than 90% of organisms (9, 41, 42) . Thus far, there is minimal clinical data to reliably discern the impact of echinocandin MICs on treatment outcome. The current in vivo pharmacodynamic studies would suggest that at least for C. albicans and C. glabrata the lack of correlation between MIC and outcome is related to the very low MIC distribution observed in these clinical trials (29, 32, 37, 44) .
In summary, these studies identify the pharmacodynamic target needed to achieve a static and killing endpoint against C. albicans and C. glabrata in a neutropenic murine disseminated candidiasis model. Consideration of this target relative to hu- 
